In a previous study we found that liver mitochondrial side-chain hydroxylation of vitamin D3
INTRODUCTION
We have recently shown that mitochondrial 25-hydroxylation of vitamin D3 and 27-hydroxylation of 5,f-cholestane-3a,7a,12a-triol were significantly higher in female-than in male-rat liver [1] (note: the enzyme responsible for this activity was previously termed a 'C27-steroid 26-hydroxylase'; according to an investigation on the stereospecificity of the enzyme [la] the correct name should be a 'C27-steroid 27-hydroxylase'). Sex differences in microsomal metabolism of steroids and drugs in rat liver have long been known (for reviews, see [2, 3] ). Many of the microsomal sex-differentiated reactions are catalysed by cytochromes P-450 [4] . Mitochondrial vitamin D3 (cholecalciferol) 25-hydroxylation and C27-steroid 27-hydroxylation are catalysed by cytochrome(s) P-450 [5] [6] [7] . So far sex-differentiated forms of purified liver mitochondrial cytochromes P-450 have not been reported.
The sexual differences in microsomal steroid metabolism do not occur until after puberty [8] and are abolished by hypophysectomy of adult rats [9] . One of the factors determining the sexual differences has been shown to be the pattern of growth-hormone release, which is different in males and in females [10, 11] . A prerequisite for a male pattern of steroid metabolism in the adult rat is exposure of the neonatal male to testicular androgens-(for a review, see [12] ).
Injection of oestradiol valerate feminized the mitochondrial vitamin D3 25-hydroxylase and C27-steroid 27-hydroxylase activities in male rats [1] . A similar feminizing effect of oestrogen in males has been reported for microsomal steroid metabolism [13] .
The present work was undertaken to study the mechanism by which the sex hormones regulate mitochondrial side-chain hydroxylase activities. To test if these activities were influenced by sex hormones directly, or were under some form of hypothalamic-hypophysial-gonadal control, the effects of age, of castration and of hypophysectomy on the mitochondrial side-chain hydroxylation of vitamin D. and of 5,8-cholestane3a,7a,12a-triol were monitored in female and male rats.
The microsomal fractions were analysed for lahydroxyvitamin D3 25-hydroxylase activity to monitor the effects of age, castration and hypophysectomy on a known sex-differentiated cytochrome P-450-dependent enzyme system [14] [15] [16] .
U.S.A. Primogyn Depot (oestradiol valerate) was from Schering A.G., Berlin, Germany, and Triolandrene (slow-release testosterone preparation) from CIBAGeigy A.G., Basel, Switzerland. All chemicals were standard commercial high-purity materials. Unlabelled steroids la-Hydroxyvitamin D3 was a gift from L0vens Kemiske Fabrik, Copenhagen, Denmark. Vitamin D3 was obtained from Sigma Chemical Co. la-Hydroxyvitamin D3 and vitamin D3 were dissolved in ethanol to a concentration of 1 mg/ml or 15 mg/ml (respectively) just before use. 1,25-Dihydroxyvitamin D3 was a gift from Roche Norge A/S, and 25-hydroxyvitamin D3 was purchased from Philips-Duphar B. V., Veenendal, The
Netherlands. 5fJ-Cholestane-3cx,7a,l2lx-triol was generously given by Dr Normal, gonadectomized and hypophysectomized female and male rats of the Wistar strain were purchased from M0llegaard Breeding Laboratory, Ejby, Denmark. The animals were fed a commercial pellet diet (Ewos R3, M0llesentralen A/S, Oslo, Norway). They were housed in plastic cages (Danish design with galvanized lids), two to four in each cage and had free access to food and water. The climatic conditions were: 23°C, 60 % relative humidity, and a 12 h light period (07:00-19:00 h). Treatment started 5 days after their arrival at the laboratory. Hormones were administered as one intramuscular injection 14-20 days before they were killed. After killing the animals by decapitation, the livers were homogenized in 5 vol. (w/v) of 0.25 M-sucrose/15 mMHepes (pH 7.4)/0.1 mM-EGTA. The numbers of animals and liver weights in each experimental group are shown in Table 1 . Mitochondrial and microsomal fractions were prepared from each liver essentially as described [1, 19] . The mitochondrial fractions (8700 g pellets) were washed twice in the homogenization buffer. The microsomal fractions (100000 g pellets) were used without washing. The subcellular fractions were resuspended in the incubation buffer to a protein concentration of 10 mg/ml. (7) 6.1+1.1 (13) Triolandrene in 100 ,1 of sesame oil. Normal controls and untreated castrated rats received the vehicle only. added to correct for recovery during extraction and chromatographic procedures. The precipitated protein was removed by centrifugation, and the supernatant was transferred to a Sep-Pak C18 cartridge prewashed with 3 ml of methanol and 3 ml of water. The cartridge was washed with 3 ml of water/methanol (3:7, v/v) before elution of the sample with 3 ml of acetonitrile. The acetonitrile was evaporated under N2 and the residue dissolved in 100,1u of methanol. The extracts of incubations with vitamin D3 and with la-hydroxyvitamin D3 were purified by two h.p.l.c. systems. The products were partially purified and separated from the substrates on a Supelcosil LC 8 column (Supelco, Bellefonte, U.S.A.) (4.6 mm x 250 mm) with 10 % (vitamin D3) or 13 % (lahydroxyvitamin D3) water in methanol (v/v) as elution solvent. The retention time for 25-hydroxvitamin D3 was 4.1 min and for la,25-dihydroxyvitamin D3 4 .0 min at a flow rate of 1.8 ml/min. The product peaks were collected, evaporated and redissolved in 5 % or 15 % (v/v) propan-2-ol respectively in n-hexane. The final purification and quantification step was performed on a Merck LiChrospher Si60/II cartridge (Merck, Darmstadt, Germany) (4.6 mm x 250 mm) using 5 % (25-hydroxyvitamin D3) or 15% (la,25-dihydroxyvitamin D3) propan-2-ol in n-hexane as eluting solvent. The samples were injected by means of a Waters WISP model 710B autoinjector. Integration of the peaks at 254 nm was performed by a Spectra Physics (San Jose, CA, U.S.A.) SP4270 integrator. Product formation was calculated by comparing the peak areas with areas of known amounts of authentic 25-hydroxyvitamin D3 or la,25-dihydroxyvitamin D3 respectively, after correction for recovery ofadded 3H-labelled metabolite. The identity of 25-hydroxyvitamin D3 or la,25-dihydroxyvitamin D3 had previously been confirmed by g.c.-m.s. [20, 21] .
Portions of the incubation mixtures containing 5/,-cholestane-3a,7a,12a-triol were separated by h.p.l.c. The extracts were injected on a Supelcosil LC 8 column (4.6 mm x 250 mm) with 10 % water in methanol as eluting solvent at a flow rate of 1.8 ml/min. Retention time for the 27-hydroxylated tetrol was 4 min and for the substrate 7-8 min. Product formation was calculated by percentage distribution of the radioactivity in the collected fractions (one/min).
Other methods
Protein was determined by the method of Lowry et al. [22] , with bovine serum albumin as standard. (Fig.  la) . The C27-steroid 27-hydroxylase activity increased with age up to 4 weeks and thereafter decreased for both sexes (Fig. lb) . For both substrates the side-chain hydroxylase activity was higher in females than in males in 7 weeks old (P < 0.03) and older animals (P < 0.05 when 9-and 12-week-old animals were combined). Table 1 . The data represent the mean activity ± S.D. Significance: *significantly different from the activity in females of same age (P < 0.03); **significantly different from the activity in females for the combined groups of 9-and 12-week-old animals (P < 0.05).
Ovariectomy of female rats at 7 weeks of age, and/or injection of oestradiol valerate had no effects on the side-chain hydroxylase activities studied (Figs. 2a and 2b) . Castration of male rats at 7 weeks of age increased the vitamin D3 25-hydroxylase activity (P < 0.03) (Fig. 2a) .
A similar trend was seen for 27-hydroxylation of 5,Bcholestane-3a,7a,12a-triol (Fig. 2b ), but the difference from normal males was not statistically significant. Injection of testosterone had no effect on the hydroxylase activities in normal males, decreased the vitamin D3 25 -hydroxylase activity in castrated males to that of untreated males (Fig. 2a) , but had no effect on the 27-hydroxylase activity in castrated males.
Hypophysectomy at 7 weeks of age had no effect on the hydroxylase activities in females (Figs. 3a and 3b) . Neither testosterone nor oestradiol valerate affected the hydroxylase activities in hypophysectomized females (Figs. 3a and 3b) . In males, hypophysectomy at 7 weeks Vol. 251 of age increased the side-chain hydroxylation activities (P < 0.03) (Figs. 3a and 3b ). Testosterone treatment of hypophysectomized males had no effect (Figs. 3a and 3b) . Injection of oestradiol valerate had no effect on the vitamin D3 25-hydroxylase activity (Fig. 3a) , but decreased the C27-steroid 27-hydroxylase activity in hypophysectomized males (P < 0.001) (Fig. 3b) . Effects on mnicrosomal hydroxylase activities Microsomal 25-hydroxylation of la-hydroxyvitamin D3 was higher in males than in females in 7-week-old and older animals (P < 0.005) (Fig. 4) . The 25-hydroxylase activity increased with age in males, but not in females (Fig. 4) .
Ovariectomy of adult females and/or injection of oestradiol valerate decreased the 25-hydroxylation activity in females (P < 0.05) (Fig. 5) . Castration of adult males decreased the 25-hydroxylase activity (P < 0.03) (Fig. 5) . Testosterone treatment had no effect in normal males, but restored the activity in castrated males to that found in normal males (Fig. 5) .
Hypophysectomy decreased the 25-hydroxylase activity in both females (P < 0.05) and males (P < 0.001). Injection of testosterone or oestradiol valerate normalized the 25-hydroxylase activity in females, but had no effect on the 25-hydroxylase activity in males (Fig. 5) .
DISCUSSION
In the present study we have shown that the sex difference in mitochondrial side-chain hydroxylation of vitamin D3 and of 5,f-cholestane-3a,7a,12a-triol, described in our previous work [1] , becomes manifest after puberty (Fig. 1) . From the pattern observed (Scheme 1) it can be concluded that the mitochondrial side-chain hydroxylase activities are regulated by sex hormones in males, but not in females. A direct effect of sex hormones on the mitochondria cannot explain the sex difference, because of the different effects of these hormones, especially of oestrogen ( Fig. 2 and [1] ), in females and in males.
It can be concluded that the hypophysis must be involved in the regulation of mitochondrial side-chain hydroxylation of vitamin D3 and of 5fl-cholestane3a,7a,12a-triol, at least in male rats, as the sex difference was diminished in hypophysectomized rats (Fig. 3) , and the effect of oestradiol valerate was different in normal [1] and in hypophysectomized males (Fig. 3) .
The differences in mitochondrial hydroxylase activities between females and males in the present study (Fig. 1) were much smaller than those reported for reactions catalysed by sex-specific forms of cytochrome P-450 in liver microsomes [14] [15] [16] . The existence of sex-specific forms of cytochromes P-450 in rat liver mitochondria is, therefore, unlikely. Other factors must be involved, like differences in substrate availability and the amount, and/or modification(s), of the enzyme(s).
The pituitary factor responsible for the sex differences in steroid metabolism in liver microsomes has been identified as the different pattern of growth-hormone secretion in females and in males [1 1] . Growth hormone has been reported to have a pronounced effect on vitamin D metabolism and calcium homoeostasis in the rat [23, 24] . There are no reports, however, on the effect of growth hormone on liver metabolism of vitamin D. Effects of growth hormone have been demonstrated on mitochondrial protein synthesis [25] and on membrane lipid distribution [26] in male rat liver. These effects may be different in females and males. Further studies are needed to elucidate the effects of growth hormone on mitochondrial side-chain hydroxylations in female and male rat liver.
The different effects on vitamin D3 25-hydroxylase and CV7-steroid 27-hydroxylase activities of sex, age and oestrogen treatment of hypophysectomized males strengthen previous indications of multiple forms of cytochrome P-450 in rat liver mitochondria [6, 27] . A mitochondrial cytochrome P-450 catalysing 27-hydroxylation of C27-steroids has been purified from male-rabbit liver mitochondria [28] . It was not reported, however, whether that cytochrome preparation also catalysed 25 -hydroxylation of vitamin D3. The pattern observed for the microsomal la-hydroxyvitamin D3 25-hydroxylase activity (Figs. 4 25 -hydroxylase activity as a function of age (a) and of different treatments (b) of 9-week-old female and male rats Mitochondrial C27-steroid 27-hydroxylase activity paralleled the vitamin D3 25-hydroxylase activity, except in oestrogen-treated hypophysectomized males (*), where the 27-hydroxylase activity decreased compared with that in the hypophysectomized males.
chrome P-450 [14] [15] [16] . The male-specific cytochrome P-450 [14] cannot therefore be the only enzyme catalysing 25-hydroxylation of Il-hydroxyvitamin D3. This is supported by the findings by Hansson et al. [29] , who presented evidence for more than one 25-hydroxylase in liver microsomes from male rats, and by Andersson & Jornvall [14] , who reported that 25-hydroxylation of vitamin D3 could be detected in female-rat liver microsomes when incubating partially purified cytochrome P-450. The difference between males and females in the latter study [14] was, however, much larger than that found in the present study, indicating that one or more forms of cytochrome P-450 might have been lost during the purification procedure [14] .
The reciprocal activities of mitochondrial and microsomal vitamin D3 25-hydroxylase activities in femaleand male-rat liver must be taken into account when discussing the relative physiological importance of these two hydroxylases in the rat. We did not find any difference between the serum concentration of 25-hydroxyvitamin D3 in 9-week-old females and males [24.6+11.8 ng/ml (n = 14) as against 26.9 + 9.1 ng/ ml (n = 18) respectively; J. I. Pedersen & K. Saarem, unpublished work] . Recently Dahlback & Wikvall [30] also reported that the serum concentration of 25-hydroxyvitamin D3 was about the same in female and male rats, in spite of a hardly detectable 25-hydroxylase activity in female liver microsomes. They concluded [30] that the mitochondrial vitamin D3 25-hydroxylase is most important in 25-hydroxylation of vitamin D3. The present study supports this conclusion for female rats, but the relative importance of the two 25-hydroxylases in male rat liver is still uncertain.
In conclusion, we have shown that mitochondrial vitamin D3 25-hydroxylase and C27-steroid 27-hydroxylase activities (both cytochrome P-450-dependent reactions) in male rats, are regulated by effects of testosterone on the hypophysis, presumably during the neonatal period. The activities in females seem to be independent of sex hormones. Our results indicate existence of more than one species of cytochrome P-450 in rat liver mitochondria.
